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Abstract 
In this paper five heuristic models for the estimation of the maximum power output of photovoltaic (PV) modules 
with different numbers of parameters (one/two/three/four) using irradiance and PV module temperature as inputs are 
presented. To validate the performance of the presented models, logged data of mono-crystalline and HIT modules 
from high-precision outdoor module performance testing in Singapore are used. Results show that the one- and two-
parameter models have disadvantages at low irradiances. Two different types of three-parameter models show as 
good results as the four-parameter model and hence seem to be a good compromise between model complexity and 
accuracy. 
© 2012 Published by Elsevier Ltd. Selection and/or peer-review under responsibility of Solar Energy 
Research Institute of Singapore (SERIS) – National University of Singapore (NUS). The PV Asia Pacific 
Conference 2011 was jointly organised by SERIS and the Asian Photovoltaic Industry Association 
(APVIA). 
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1. Introduction 
In the past years, a number of models for the prediction of photovoltaic (PV) modules' electrical 
behaviour have been evolved. Most of them describe ways of modelling the full I-V curve under various 
external conditions [1-4]. One well-known maximum power output model is the power temperature 
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coefficient model as described in [5], which assumes that the maximum power output is linear with 
irradiance at a given temperature and that the power temperature coefficient is a constant. But the model 
loses some accuracy at low irradiances. To reduce non-linear influences at low irradiance, Ref. [5] 
suggests, for example, the use of two equations, one to be applied when irradiance is greater than 200 
W/m2, and one for irradiance < 200 W/m2.
In this paper, some heuristic models for estimating maximum power output of PV modules are 
presented. All models use irradiance and module temperature as inputs, but differ in the numbers of 
parameter. The paper is organised as follows: Section 2 presents the proposed models, with a comparison 
of the models in Section 3. Conclusions are drawn in Section 4. 
Nomenclature 
Pmpp Maximum power output of PV module [W]  
Ȗ Temperature coefficient of Pmpp [1/°C]  
G Incident irradiance on the PV module [W/m2]
GSTC Irradiance at standard testing condition, STC [1000 W/m2]
G0 Irradiance [W/m2]
TC Temperature of solar cell in PV module [°C] 
TSTC Temperature at standard testing condition [25°C] 
Tm Temperature of PV module back-sheet [°C] 
T Temperature difference between the solar cell and the PV module back-sheet 
Di,j Parameter in models [m2]
Di,j Parameter in models [m4/W] 
Devi The ith deviation [dimensionless] 
i Number of a  data point [dimensionless] 
,
m
mpp iP  The ith modelled power value [W] 
exp
,mpp iP  The ith measured power value [W] 
RMSE Root mean square error [dimensionless] 
n The total number of data points within each 10 W/m2 irradiance interval [dimensionless] 
j Data point within a 10 W/m2 irradiance interval [dimensionless] 
,
m
mpp jP  The jth modelled value in each power interval [W] 
exp
,mpp jP  The jth measured value in each power interval [W] 
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2. Heuristic models 
The following heuristic models will be tested for their maximum power prediction accuracy in this 
paper. They assume that the temperature coefficient of the power at the maximum power point is a 
constant, while the maximum power point itself is a fitting function of irradiance. 
One-parameter model 
1,1{1 ( )}mpp C STCP T T D GJ                                                                           (1) 
Two-parameter model 
2,1 2,2
0
{1 ( )}{ ln( )}mpp C STC
GP T T D G D G
G
J                                                 (2) 
Three-parameter model 1 
2
31,1 31,2 31,3
0
{1 ( )}{ ln( ) }mpp C STC
GP T T D G D G D G
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J                                 (3) 
Three-parameter model 2 
2 2
32,1 32,2 32,3
0
{1 ( )}{ ln ( ) }mpp C STC
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J                                (4) 
Four-parameter model 
2 2
4,1 4,2 4,3 4,4
0 0
{1 ( )}{ ln( ) ln ( )}mpp C STC
G GP T T D G D G D G D G
G G
J             (5) 
The thermal environment of a PV module location is very complex. It is difficult to measure the solar 
cell temperature in an encapsulated commercial PV module. What is typically measured instead, is the PV 
module temperature on the back sheet of the laminate. The cell temperature TC is normally slightly higher 
than the module temperature Tm. To correct for that, a simple model of TC that is given by Ref. [6] can be 
used: 
C m
STC
GT T T
G
  '                                                                   (6) 
The second term is the irradiance-dependent correction of the temperature difference between the solar 
cell and the PV module back-sheet, which depends on the module design: for glass-cell-glass, the value is 
2°C, for glass-cell-tedlar it is 3°C [6]. Equation (6) was used in this paper to calculate the cell temperature 
from the module temperature. 
3. Comparison of heuristic models 
To compare the accuracy of the proposed models, measurement data of mono-crystalline and hetero-
junction with intrinsic thin layer (HIT) modules from high-precision outdoor module testing (OMT) at the 
Solar Energy Research Institute of Singapore (SERIS) are used for evaluation. OMT is a specialised 
testing facility for outdoor PV module performance testing under “real-life” conditions [7], located at the 
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campus of the National University of Singapore (NUS). The test facility uses calibrated sensors and 
highly accurate (<1% uncertainty) measurement equipment to concurrently measure every 10 seconds 
both meteorological and PV module parameters, such as: global irradiance, ambient temperature, as well 
as module temperature, full I-V curves and energy yield. Pmpp is calculated from the I-V curve. When not 
measured, the modules are kept at their maximum power point. 
3.1. Determination of parameters in models 
Equations 1 to 5 are models with different numbers of parameters. The parameters in these models 
have to be determined before applying the models for the prediction of maximum power output. For that, 
a selection of data sets in one month was used to solve for the various parameters in the proposed models. 
Filling the equations with the actual, measured data sets of that month and using MatLab codes for the 
"least square" method, eventually leads to the fitted values for the various parameters in each model. 
In this concrete case, all logged data sets at irradiances of 1 000 ± 5 W/m2, 500 ± 5 W/m2, 200 ± 5 
W/m2 and 100 ± 5 W/m2 in the month of February 2011 were selected. After eliminating some noise, the 
data were used to solve for the parameters by means of the "least square" method. The results are shown 
in Table 1, with the PV module characteristics given in Table 2. 
Table 1. Calculated parameters of proposed models for selected PV modules, using experimental data from February 2011 
PV module 
S/N
Models Model 
indicator 
i
Di,1 [m2] Di,2 [m2] Di,3 [m4/W] Di,4 [m2]
1 One-parameter model 1 1.788E-01 - - - 
Two-parameter model  2 1.754E-01 5.139E-04 - - 
Three-parameter model 1 31 1.115E-01 1.308E-02 -2.361E-05 - 
Three-parameter model 2 32 1.443E-01 1.335E-03 -2.982E-05 - 
Four-parameter model 4 1.372E-01 2.852E-03 -2.847E-05 1.044E-03 
       
2 One-parameter model 1 2.141E-01 - - - 
Two-parameter model  2 1.794E-01 5.306E-03 - - 
Three-parameter model 1 31 1.149E-01 1.787E-02 -2.316E-05 - 
Three-parameter model 2 32 1.599E-01 1.821E-03 -3.157E-05 - 
Four-parameter model 4 1.212E-01 1.536E-02 -2.435E-05 2.566E-04 
Table 2. Specifications of selected PV modules 
PV module 
S/N
Technology Nominal  power 
[Wp]
Module layer 
design 
Temperature coefficient 
of Pmpp  [1 / °C] 
1 mono-crystalline 180 glass-cell-tedlar -0.0045 
2 HIT 210 glass-cell-tedlar -0.0030 
 Kun Ding et al. /  Energy Procedia  25 ( 2012 )  101 – 107 105
3.2. Comparing proposed models using OMT data 
To compare the accuracy of the various models at different irradiances, the deviation (Dev) of the 
modelled maximum power points (MPP) compared to the actually measured data in real-life operating 
conditions and their respective root mean square error (RMSE) for irradiance intervals of 10 W/m2 are 
analysed for the month of August 2011. Dev and RMSE are defined as follows: 
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                                                                         (7) 
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Figures 1 and 2 show the deviation (Dev) and the root-mean-square-error (RMSE) across the irradiance 
range from 50 W/m2 to 1 150 W/m2 using measured data in August 2011. 
It can be seen that the three- and four-parameter models perform better than one- and two-parameter 
models, especially at low irradiance. 
  (a)    (b)    (c) 
    (d)    (e) 
Fig. 1. Deviation and RMSE of the MPP calculations using data of the mono-crystalline PV module in August 2011: (a) one-
parameter model; (b) two-parameter model; (c) three-parameter model 1; (d) three-parameter model 2; (e) four-parameter model 
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  (a)    (b)    (c) 
    (d)    (e) 
Fig. 2. Deviation and RMSE of the MPP calculations using data of the HIT module in August 2011: (a) one-parameter model; (b) 
two-parameter model; (c) three-parameter model 1; (d) three-parameter model 2; (e) four-parameter model 
Figure 3 shows the daily energy yield error (percentage of difference between measurement data and 
modeled value) of the selected PV modules in August 2011. Days with high peaks in the one- and two-
parameter model clearly mark those with lower irradiance where errors are higher as shown in Figures 1 
and 2. 
(a)                                                                               (b) 
Fig. 3. Daily energy yield error of the MPP calculations using data of August 2011: (a) mono-crystalline PV module; (b) HIT 
module 
Figure 3 also indicates that the daily energy yield error curves of the three- and four-parameter models 
almost overlap, which confirms that they are equally accurate, although with less complexity for the 
three-parameter models. 
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4. Conclusion 
Several heuristic models for the estimation of the maximum power output of PV modules are 
presented in this paper. They differ in the number of parameters, but all use irradiance and module 
temperature as inputs. To compare the accuracy of the proposed models, measurement data from outdoor 
module testing at SERIS are used for evaluation. Results show that under tropical conditions such as 
Singapore the one- and two-parameter models have disadvantages at low irradiances. Both three-
parameter models are as good as the four-parameter model and hence seem to be a good compromise 
between model complexity and accuracy. 
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